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In the southern ocean, a high diversity of marine birds coexist, principally from the order Procellariiformes (Chown et al. 1998) . This order comprises a large number of species that are well known for their longranging foraging behaviour (Warham 1996 , Weimerskirch 2001 ). The energy-efficient mode of flight of albatrosses makes them highly adapted for longranging movement, whether this is in foraging trips to and from the nest, or during inter-seasonal migrations around oceanic regions. The largest of these, the ''greater albatrosses'', comprise six species that are genetically closely related (Nunn et al. 1997 ) and very similar in morphology. These species are capable of displacement of several 1 000 km per day, covering up to 15 000 km during a single foraging trip (Weimerskirch et al. 1993 , Waugh et al. 2002 . They have an extremely low fecundity rate, raising at most one chick every 2 years (Tickell 1968) , a factor generally explained by their use of sparsely-distributed and rare resources, comprising mainly squid (Cherel and Klages 1997) . Most of their island habitats support only one species of greater albatross, yet some of their populations are within a few 100 km of the breeding site of their nearest neighbours. How then, can we explain the co-existence of many species of greater albatrosses, when they exploit apparently similar niches, and their long-range movements mean that they not geographically isolated?
Heterogeneity in the environment could provide a possible explanation to this paradox. Habitat selection coupled with environmental heterogeneity provides a basis for species co-existence (Brown 2000) . Rosenzweig (1987 Rosenzweig ( , 1991 showed how a single species exploiting two types of habitat patch, opportunistically and indiscriminately, readily gives rise to two species that selectively specialize on one habitat type each. Alternatively, one species can continue to operate as an opportunist while the other specializes. Further, Brown (2000) demonstrated that a specialist can gain increased fitness by exhibiting traits that allow more extreme specialization on one of several available habitat types, which drives morphological and physiological adaptations for existing in that habitat. These assertions are found to hold true across a range of species from insects to mammals (see Brown 2000 for review) . In this way, the development of a high diversity in the southern ocean albatross species could have been made possible as a result of environmental heterogeneity, individuals from coexisting species having evolved mechanisms for avoiding competition.
Temporal and spatial differences in food availability for long-ranging seabirds are well documented, arising from a combination of physical, chemical and biological processes (Hunt 1991) . For flying seabirds, which generally access only the upper few meters of the water column, the occurrence of oceanic frontal systems, or the presence of bathymetric features such as continental shelves or sea-mounts, are the major factors enhancing food availability. These features, plus prey schooling behaviours provide mechanisms for concentrating prey at macro-and meso-scales (Rodhouse et al. 1996 , Schneider 1990 ). While physical oceanic factors are likely to change little during the life-span of a bird (i.e. they represent coarse-grained heterogeneity), temporal variation in prey patch location or richness is experienced at annual, seasonal, diurnal or even smaller time scales (Fauchald et al. 2000) . The development of diversity is particularly favourable where patch conditions are predictable and timescales for variation are finescaled (Brown 2000) . This is because foragers can learn the cycles of food availability, and use flexible strategies to exploit them. Specialisation on certain patch types or temporal windows of opportunity is favoured under these conditions. We hypothesise that the co-existence of three species of greater albatross could be explained by environmental heterogeneity, with each adopting strategies for finding prey patches at both coarse and fine scales that differ from each other. We characterise the feeding habitat and compare the foraging strategies during incubation of wandering albatross, Diomedea exulans, Amsterdam albatross, D. amsterdamensis, and royal albatross D. epomophora breeding at three sites around the southern ocean. Following Brown's (2000) model, we could expect strong differences between the foraging characteristics of the different species in their mode of foraging at the finer scales, which would explain the co-existence of such long-ranging foragers from different species.
Methods

Satellite-tracking
Wandering albatrosses from the Crozet Islands (46°24%S 51°48%E), royal albatrosses from Campbell Island (52°24%S 169°06%E), and Amsterdam albatross (37°49%S 77°32%E) from Amsterdam Island were fitted with Microwave PTT 100 satellite-transmitters (30 -50 g) and were followed for one foraging trip during the incubation period. The dates of study were 12 January -11 February 1999, (n = 10) for royal albatross; 27 February-23 March 1996 (n = 5) and 11 March -14 April 2000 (n =9) for Amsterdam albatross; and 2 January -28 March 1998 (n = 19), 5 January -13 March 1999 (n = 26) and 29 December 1999 -20 January 2000 (n = 8) for wandering albatross (see Weimerskirch et al. 1993 Weimerskirch et al. , 2000 for a description of device deployment methods, details of the ARGOS satellite system used and for data treatment). Wet-dry loggers (Francis Instruments, Caxton, UK) were fitted to plastic bands on the legs of satellite-tracked birds at each site, to record every 15 seconds whether the logger is submerged (bird on the water) or dry (bird in flight). These were deployed in 2000 on Amsterdam albatrosses (n = 9), 1999 for royal albatrosses (n = 10), and during each of the three years of study for wandering albatross (n = 45). Departure and arrival times were observed directly for wandering albatross. For the other species, they were estimated through a combination of observation and examination of satellite-tracking and wet-dry results. We used the time of the satellite location prior to a period at sea as the departure time, and the time of the first location at the colony as the arrival time.
Data were treated using a custom software package ('Diomedea', D. Filippi, see Weimerskirch et al. 2000 for details and other examples of its usage). This system takes into account the time spent on the water and in flight by activity logger-equipped birds, so that the real mean speed of travel between successive satellite loca-tions can be estimated. To compare patterns of activity between birds of the three species, we calculated several indices:
Cumulative distance is the total distance travelled by a bird as would be measured by taking a route joining successive satellite locations; Vectorial distance is the distance travelled by a bird in a direct line from the beginning to the end of a given period, here 6 hours; Work index is cumulative distance minus vectorial distance over a 6 hours period; Speed is the cumulative distance travelled per hour; Number of takeoffs and landings per hour (number of takeoffs); Proportion of time spent on the water.
We examined the relationships between these indices by taking the mean values for each individual and performing correlations at a species level. Only cumulative distance and vectorial distance were highly significantly correlated for all species (Spearman's r\ 0.66, n =8-46, P B0.0001). We chose to represent displacement in terms of speed and by work-index, which encapsulates an index of turning-rate or sinuosity of travel. The lack of significant correlation between the other indices across all species suggests that each index describes a separate aspect of the birds' behaviour, and we do not have redundancy in our measures of bird activity.
For all satellite-tracked birds, environmental databases can be linked to location estimates at 15 second intervals of time, corresponding to the frequency of recording of the wet-dry loggers. The pattern of activity of individuals can then be analyzed in relation to the environment they are exploiting. In this study we used bathymetric data (Integrated Global Ocean Services Systems 2002) and ocean colour data (SeaWiFs system, International Ocean Color Coordinating Group; IOCCG, 2001). We used weekly average ocean colour data with maximum resolution (1.1 km) from which the concentration of chlorophyll a was estimated (hereafter chlorophyll). Values reported vary between 0 and 3.0 mg/m 3 with high values representing areas of locally important primary productivity (IOCCG 2001) . Data were filtered to remove erroneously high values associated with cloud cover during the satellite image capture. Chlorophyll data were square-root transformed to normalize them before analysis. Observations where chlorophyll data were unavailable were not included in the analyses, and accounted for 0.7% 90.7 of hours of travel for Amsterdam albatross, 6.7% 95.8 for wandering albatross and 1.9% 9 0.3% for royal albatross.
To examine the manner in which birds from the different species, populations concentrate their foraging effort spatially, we generated matrices of density of bird activity (time spent per unit area) using Matlab (Mathworks 1996). As there were a different number of foraging trips for each species studied, we represent bird density in terms of the average number of hours in a foraging trip by species, per unit area, in order to provide comparison between species in their use of space. Two levels of density were represented graphically. These are 30 minutes and 100 minutes of bird time per unit of area (minute longitude ×minute latitude).
Mass gain
For wandering and royal albatross, birds were weighed during the incubation shifts using a custombuilt platform and a spring balance after removal of their egg (see Weimerskirch 1995 for technical description). Birds were weighed during the first 1-2 days after arriving from a foraging shift, and at intervals of 3-7 days until their departure from the nest. The species-specific daily average mass loss was calculated as a proportion of initial mass. If birds were not weighed on the day of their departure, this rate was used to estimate the birds' mass at departure. To correct for mass loss before the first weighing for a bird recently returned from sea, a proportional mass loss of 0.0145 of body mass per day was used (HW, unpubl., estimated from male wandering albatross data).
Sex differences in foraging parameters
We tested between-sex differences in foraging parameters and activity patterns for wandering and royal albatross, using birds sexed from long-term studies or by measurement, where the male was assumed to be the larger (for royal albatross). There were no significant sex differences in any parameter examined in this study, except for the time spent over zones of different bathymetry for wandering albatross. Given this slight effect on the results, we chose to group both sexes when reporting all results.
Statistical analyses
All statistical tests were carried out using SAS v. 8.1. As only one trip from each bird was used in the analysis, we assume independence of our sampling for between-species comparisons. Non-parametric Kruskal-Wallis tests were used to test between group differences where data diverged from a normal distribution (for proportion of time on the water). Test statistics for Kruskal-Wallis tests are expressed as x parameters were compared using one-way or factorial ANOVA.
Results
During incubation, the three species have characteristic foraging trips (Fig. 1) . Royal albatross commute directly to productive zones over shelf and shelf-break areas, while wandering and Amsterdam albatrosses use long-looping courses over deep waters.
Duration, range, distance travelled
Trip duration and distance travelled per day showed significant between-species differences (Table 1) . Posthoc tests showed that Amsterdam albatross had significantly shorter foraging trip durations than royal albatrosses, while the durations of wandering albatross foraging trips were not significantly different from those of either of the other species. Distance per day was shortest for royal albatrosses, and significantly shorter than that for Amsterdam albatrosses, while Table 1 . Foraging parameters for three species of greater albatross. Results are means 9 SD (n) range for birds from each population. Parameters are the duration of foraging trip, the maximum range attained from the breeding site, the cumulative distance travelled along the foraging trip, and the daily distance travelled. One-way ANOVA results for each parameter indicate between species differences. wandering albatrosses again showed an intermediate value that did not differ significantly from those of the other species. There were no significant differences between species for cumulative distance travelled nor maximum range.
Activity pattern
We examined the between-species differences in four indices of bird activity: proportion of time on the water, number of takeoffs, speed and work index. There were significant differences in all indices (Table  2 ). Wandering and Amsterdam albatrosses spent a similar and large proportion of time on the water with a low rate of takeoff compared to royal albatrosses. In addition, royal albatross travelled relatively slowly compared to the other two species, and had a high work index. We further examined the pattern of activity of the different species relative to the time of day (day, dawn and dusk, night, Fig. 2 ). There were significant differences between periods of the day in the proportion of time on the water for both wandering and Amsterdam albatross, with birds spending the majority of the night on the water (73% and 69% respectively). During the day birds from all three species spent a similar proportion of time on water (35 -41%). Royal albatross spent as little time on the water during the night as during the day. Royal albatross had elevated takeoff rates compared to the other species, with rates 1.6 -2.5 times those of Amsterdam and wandering albatross during all periods of the day. There were significant species and light effects for all variables (F 2 \ 5.5, P B0.005, for work index and number of takeoffs; Kruskal-Wallis test, x 2 2 \ 13.6, P B 0.001 for proportion of time on the water).
Characteristics of the foraging zones exploited
To characterise the environments used by the three species, we firstly made a qualitative examination of the number of bird minutes spent over a given surface of ocean (foraging density, Fig. 3 ). Royal albatross concentrated their time over the shelf breaks (see Waugh et al. 2002 for a detailed description). The activity of the royal albatrosses tracked shows few, large zones with high-density activity. For Amsterdam and wandering albatrosses the most striking result is the almost total geographic separation of their foraging zones (Fig. 4) . Despite high mobility, and typical foraging ranges that would enable them to attain the breeding site of the other species, these two populations rarely frequent the same waters. The second feature of these species' foraging strategies is the highly dispersed nature of their foraging activity, with many very localised points of medium-intensity activity. Wandering Albatross have an additional strategy of frequenting shelf-slopes such as that of the Crozet or Kerguelen shelves, or the undersea mount to the west of their breeding site.
To more quantitatively investigate the differences in the foraging strategies of the three species, we examined the time spent by birds in relation to the bathymetry. We defined three bathymetric classes: continental shelf ( B 500 m depth); shelf-slopes (500 -1500 m depth); Fig. 2 . Activity in relation to light period for three species of greater albatross, showing mean ( 9 SD) by species. Three light periods are represented: day, twilight and night (white, grey and black bars, respectively). (a) work index; (b) take-off rate; (c) proportion of time on the water. Highly significant differences between light conditions were found for all species for work index and for takeoff rate for wandering albatross (indicated ***. F 2 \ 7.9, P B 0.003 r all tests, for takeoff rate and work index; X 2 2 \ 14.1, P B 0.001 for proportion of time on the water).
average time spent in waters containing different chlorophyll concentrations.
Mass change
The mass at the beginning of incubation shifts did not differ between royal and wandering albatrosses, nor did the proportional daily mass loss on the nest (arrival masses, wandering albatross 9.6 9 1.6, royal albatross 10.19 1.1 kg, t 85 = 1.23, P =0.15; mass loss, wandering albatross 1.11 90.61% of body weight, royal albatross 1.209 0.46, t 85 = 0.75, P =0.45). However, the proportional mass gained at sea per day was significantly lower in royal than wandering albatrosses (wandering albatross 1.62 91.23% of body weight, royal albatross 0.099 0.1, t 154 = 3.28, P =0.001).
Discussion
The comparative analysis of foraging strategies in wandering, Amsterdam and royal albatrosses shows that there is a clear distinction between the species in their modes of exploiting the ocean. Although the three species have wide ranging abilities and are similar morphologically (Table 3 ) and genetically (Nunn et al. 1996) , they differ greatly in the way they utilize marine habitats and in the types of habitat exploited. At the coarse scale of bathymetric zone preference, as with fine-scaled diurnal activity, there are significant differences between the species, with royal albatross exhibiting contrasting strategies compared to the other two species. For wandering and Amsterdam albatross, the most closely related of the group, and breeding in the same geographic neighbourhood, there is an almost total separation of foraging zones, which probably allows the co-existence of the species and a specialization on prey types within their unique foraging zones. This division of zones between sub-tropical and subAntarctic waters is probably accountable for differences in morphology between Amsterdam and wandering albatrosses. Amsterdam albatrosses are smaller, but with a relatively long wing (Table 3) . Additionally there are differences in the timing of the breeding season between the two species, with Amsterdam albatross nesting around 2 months later. Thus we can suggest that the hypothesis of heterogeneity-facilitated ecological coexistence could be well applied to the case of greater albatross diversity. Wandering and royal albatross, which resemble each other most morphologically, but not genetically, have very distinct modes of operation, the former foraging at greater maximum ranges, and travelling further each day, while the latter has a comparatively high-energy pattern of activity that does not vary significantly with the time of day. oceanic waters ( \ 1500 m depth). There were significant differences between species in the proportion of time spent in each depth zone (continental shelf, F 2 = 53.4, P B 0.0001; shelf-slopes, F 2 =21.7, P B0.0001; oceanic waters, F 2 =113.3, P B0.0001, Fig. 5 ). Royal albatrosses favoured shelf waters and shelf breaks. Wandering and Amsterdam albatrosses spent less time over shallow waters, with the majority of their time (\80% on average) spent over oceanic waters.
The chlorophyll concentrations in the waters traversed by the birds from the three species showed that on average royal albatrosses frequented waters that have higher primary productivity than those used by the other two species (Fig. 6) . Peaks of hours spent were at concentrations of 0.25 -0.5 mg/m 3 for royal albatross; 0.125 -0.25 mg/m 3 for Amsterdam albatross; and 0.125 -0.5 mg/m 3 for wandering albatross. There were highly significant differences between species in 
Coarse-grained heterogeneity
We earlier defined coarse-grained environmental heterogeneity as that relating to features that do not change within the lifespan of the individual foragers being studied. In the realm of southern ocean seabirds, where many aspects of patch productivity and location are dynamic, the bathymetric characteristics of each region provide a constant, with extreme heterogeneity between regions. The surface provided by extensive continental plateaux, as found around Campbell, provides diverse habitats for marine organisms at all trophic levels. Further, the concurrence of frontal systems with bathymetric features leads to upwelling and nutrient enhancement, which gives spatial predictability in productivity. Open ocean areas are, by contrast, low in productivity for seabirds (Schneider 1997) . The waters used by royal albatross have high chlorophyll concentrations relative to those used by wandering and Amsterdam albatrosses. While it is currently not feasible to estimate prey biomass available to foraging higher predators, we can assume that high primary productivity is indicative of elevated productivity at successive trophic levels. A recent study of demersal fish communities in the Campbell Plateau area validates this assertion in the region used by the royal albatrosses, with elevated levels of phytoplankton pigment concentration found in association with high species richness of fish (McClatchie et al. 1997) .
The response that we observe in the different species of greater albatross to this coarse-grained heterogeneity is one of specialisation by royal albatrosses on the shelf, while wandering and Amsterdam albatrosses have specialised on exploiting open ocean waters. In effect, royal albatrosses extensively use the continental plateau and particularly its margins to forage at locally productive sites (Imber 1999 , Waugh et al. 2002 . In contrast, the density analyses of wandering and Amsterdam albatross data demonstrate the highly dispersed nature of their foraging activity, which is concentrated mostly over deeper waters where chlorophyll concentrations, and hence probably prey availability, are low.
Each species exists at one site only, thus we are unable to uncouple 'species' and 'site' effects. However, foraging studies of Gibson's albatross, Diomedea gibsoni at the Auckland Islands (Walker et al. 1995) , near to Campbell Island shows they exhibit behaviours very similar to those of wandering and Amsterdam albatrosses, foraging in long loops over deep waters. This is despite the proximity of the Campbell Plateau, and particularly the rich feeding patch exploited by royal albatrosses south of the Snares Islands (Waugh et al. 
Fine-grained heterogeneity
Driven by these major differences in foraging environment, we see a divergence in foraging styles between the greater albatross populations we studied.
We examined modes of foraging using several indices of activity, and each yielded significant differences between species. We could characterise each species in the following ways:
wandering albatrosses spend a large proportion of their time on the water (overall 49%), particularly at night (73%, Weimerskirch et al. 1997) . When in flight, they move rapidly with a low work index, indicating flight that is not circuitous, but direct between one point and another. Their takeoff rate is the lowest of all species, and particularly low at night. This pattern of activity observed accords with previous knowledge of wandering albatross foraging which shows that they feed during long-range looping flights and find prey spaced at intervals along their foraging tracks (Weimerskirch et al. 1994 (Weimerskirch et al. , 1997 .
Amsterdam albatrosses have a very similar pattern of takeoff rate to wandering albatross both overall and in relation to light conditions. The average work index is higher than that of wandering albatross, indicating more circuitous flight when foraging. Wandering and Fig. 5 . Mean (SD) proportions of time spent by each species in zones of continental shelf ( B500 m), shelf-slope (500 -1500 m) and oceanic waters ( \1500 m). Amsterdam albatross (unfilled bars, n = 13) and wandering albatross (black bars, n = 43) showed a similar pattern of usage favouring deeper waters ( \ 1500 m), while royal albatross (grey hashed bars n =10) spent most time in continental shelf waters ( B 1500 m). Highly significant differences (F 2 \ 21.7, P B 0.0001, all tests) were found between species at all depth levels.
Amsterdam albatrosses mainly use long looping cruising.
A very large contrast is seen between these two species and the royal albatross. At the level of activity patterns for whole days, royal albatross spend significantly more time in flight, and take off 1.9 times more often on average. The work index is higher than both of the other species, indicating more meandering flight, which is also significantly slower. A major difference also exists in the diurnal cycle of activity for royal albatross compared to the other two species. While the other species spend much more time on the water at night than by day, royal albatross spend equally little time on the water in all light conditions, and have high and statistically indistinguishable takeoff rates during night, twilight and daytime. Clearly, royal albatross are exploiting patches of prey that are available at any time of day or night, but must be highly profitable, given the high energetic cost of their mode of foraging.
While albatrosses do feed at night and commonly use surface seizing to capture their prey (Croxall and Prince 1994) , indicating that they may ingest an important proportion of their food while sitting on the water, our interest focuses on how they locate prey patches in which to settle. In the context of this study, 'activity' relates to 'active-searching' for prey patches, and not to the food-handling or ingestion aspects of foraging. Activity patterns of four smaller albatross species have also been studied using the same techniques reported in this study (Weimerskirch and Guionet 2002) . In contrast to the greater albatrosses, the smaller species had relatively homogeneous foraging styles, and spent a large proportion of their time in flight (56 -65%), yet showed little night-time activity (61 -71% of their time on the water). Potential for temporal division of the feeding habitat between smaller and larger species within the Procellariformes could come about through different diurnal cycles of active prey searching.
It is notable that all species show a higher work index during the twilight. This is perhaps explained by a limited period of accessibility and visibility of vertically migrating prey during dawn and dusk, which would incite more active searching behaviours of circling and moving relatively slowly.
The energetic efficiencies of each style of foraging must also vary with the constraints placed on birds by differences in prey patch availability. Royal albatross spend a greater proportion of the their time on the wing, and furthermore in slow, circuitous flight, and have a higher takeoff rate than the other species. This mode of activity is known to be particularly costly energetically for albatrosses, with elevated heart-rate levels in particular linked to takeoff events (Weimerskirch et al. 2000) , and a positive correlation between the number of takeoffs and energy expenditure (Shaffer et al. 2001a) .
Despite these important differences in foraging techniques, the morphological differences between these 3 ) in the waters traversed during foraging. Amsterdam albatross (white hashed bars, n = 8) and wandering albatross (black bars, n = 43) spent most time in waters with low chlorophyll concentrations, while royal albatross (grey hashed bars, n =10) showed a peak of activity in waters with chlorophyll concentrations over 0.5 mg/m 3 . Highly significant between-species differences were found at all chlorophyll concentrations (indicated ***, F 2 \ 14.7, P B 0.0001 in all tests). Jouventin et al. 1989. royal and wandering albatross are minute (Tickell 1968) . Although the two species had similar arrival masses during incubation, and similar rates of mass loss on the nest, royal albatrosses gained proportionally little mass at sea compared to wandering albatrosses (0.09 90.1% of body mass compared with 1.62 9 1.23%, respectively). Wandering albatrosses have particularly energy-efficient modes of locomotion, often using side-or tail-winds to move rapidly and at little cost to foraging locations (Weimerskirch et al. 2000) . Indeed, they gain body condition during the incubation period (Weimerskirch 1995) . In contrast, when flying into head winds, energetic expenditure is far higher, with heart rates 1.25 times those when flying with tail winds. It appears from the mass gain analysis that the albatrosses were in energy deficit during the period of our study. Two factors may have contributed to this outcome. First, royal albatrosses have a high-energy mode of foraging, with many costly takeoff events. Heart-rate recorded for wandering albatrosses was highest during takeoff; rates when resting on the water or flying with a tail-wind were only 3/4 of this rate (Weimerskirch et al. 2000) . Second, royal albatrosses mode of exploiting productive regions, linked to bathymetric features, may result in a more costly flight pattern as they may need to employ more flapping flight or travel into unfavourable winds to attain these feeding locations. Flapping is known to be a costly activity (Hedenströ m 1993). To compensate for high expenditure of energy during incubation, we can only presume that resources on the Campbell Plateau are sufficiently rich to allow recuperation of body condition during the remainder of the breeding cycle. As for Amsterdam albatross, they forage in less windy subtropical waters; perhaps their longer wings despite the smaller size compared to the other species is aerodynamically advantageous (see Shaffer et al. 2001b for discussion).
In conclusion, our observations support, circumstantially, the hypothesis that the heterogeneous environments provided by the different sectors of the southern ocean have led to enhanced biodiversity in the greater albatrosses. The differences between the species lie not only in preference for particular bathymetric zones, but also in prey-searching activity patterns and diurnal activity, enabling co-existence of these wide-ranging but closely-related species.
Morphological differences between the species belie the foraging styles found, with the two most similar species morphologically having very divergent foraging styles. Further work is needed on fine-scale aspects of foraging behaviour in relation to environmental variables such as surface winds, and morphological characters, such as aspect ratio, to elucidate this finding. Study of different populations of the same species using the same techniques would allow us to test these hypotheses further.
